The highly sensitive and selective procedures for the determination of zinc, lead, magnesium, and calcium are based on their inhibiting, activating or reactivating effects on the catalytic activity of native and immobilized intestinal alkaline phosphatases or their apoforms. 8 It is known that intestinal alkaline phosphatases are distinguished by the highest catalytic activity. 2 That is why this isozyme has attracted special attention of those biochemists who are developing procedures for the determination of metal ions.
The developed enzymatic procedures were successfully applied for the analysis of environmental (water of different origin, soils), and biological (blood serum, urine) samples as well as food products (peas, grapes, beef, pork). These procedures and aspects of their application in the analysis of real samples were discussed in details earlier. [8] [9] [10] In the present work, we focused on the application of intestinal alkaline phosphatases of animal origin in pharmaceutical and clinical analysis for the determination of zinc and magnesium ions, respectively. Alkaline phosphatase is a metalloenzyme. The essential role of zinc and magnesium in catalyzing and stabilizing the structure of this enzyme was recognized long ago. 11 Cloetens 12, 13 has shown that Zn is a prosthetic group of alkaline phosphatase, and it appears to be an integral part of the insulin molecule. Zinc is necessary both for the preservation of the enzyme structure and for the catalytic activity of alkaline phosphatase. Magnesium controls the occupancy of the catalytic and structural binding sites, and modulates the resultant enzymatic activity. 11, 14 Peculiarities in the structure and function of alkaline phosphatases, the simultaneous presence of zinc and magnesium in the enzyme molecular especially, aroused our profound long-term interest in this class of enzymes.
While studying a number of oxidases (peroxidases, alcohol dehydrogenases) and hydrolases (acid and alkaline phosphatases) isolated from diverse sources, we showed that even negligible differences in the structure of isozymes may be purposely used for the development of highly sensitive and selective procedures for the determination of biologically active inorganic and organic compounds: metal ions, 9,15 metalloorganic compounds, 16 phenols, 17 and ascorbic 18 and fatty acids. 19 In this work, the results of studying the properties of different alkaline phosphatases were applied for the development of highly sensitive and selective procedures for the determination of zinc in an insulin zinc suspension to control its quality and magnesium in urine for the diagnostics and treatment of Mgdeficiency.
The majority of insulin preparations registered in the Russian pharmaceutical market have a prolonged effect. Insulin zinc suspensions (IZS) represent this type of insulin preparation. Their prolonged therapeutic effect is caused by the presence of zinc traces in injections prepared based on an acetic buffer solution with a neutral pH value. Zinc and some transition metals are present in the majority of buffers and other reagents, and may affect the processing and/or storage of biological pharmaceuticals, such as insulin. Thus, it is necessary to control the zinc content in IZS to guarantee their high quality and therapeutic usefulness. 20, 21 Recently estimating Mg-deficiency has become of considerable interest. This disease may be caused by different reasons (imbalanced diet, stress, physical efforts or hypodinamiya, alcoholism, hormonal contraception, reception of diuretics, etc.).
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The magnesium status is commonly determined while analyzing venous blood or hair with the help of atomic-absorption and atomic emission spectrometry (inductively coupled plasma mass spectrometry). 22, 23 To develop highly sensitive, selective, simple, and cheap procedures for the determination of zinc and magnesium, we studied three alkaline phosphatases isolated from E. coli (ALPI), chicken intestine (ALPII) and slim intestine of Greenland seal (ALPIII). The hydrolysis of p-nitrophenyl phosphate (NPP), giving rise to a colored product, a pnitrophenolate ion, at pH 9.8 was used as an indicator reaction for monitoring the catalytic activity of enzymes. According to literature data, 8 this reaction provides high catalytic activity of all the considered alkaline phosphatases.
Experimental

Reagents and chemicals
All of the reagents were of the best quality available, and deionized water with a resistance of 18.2 MΩ cm -1 (25˚C) purified with a Simplicity Proto system (Millipore) was used throughout the experiment. Enzymes. Preparations of alkaline phosphatase from Escherichia coli (33.8 U/mg, Sigma) and slim intestine of a Greenland seal Phoca Groenlandica (13 U/mg, Biolar, Latvia) were used as their homogeneous suspensions in a 2.5 M (NH4)2SO4 solution; alkaline phosphatase from chicken intestine was a lyophilized powder from Sigma (0.4 U/mg). Less concentrated solutions of the ALPI and ALPIII were prepared immediately before work by successive dilution of stock solutions with a 0.05 M Tris-HCl buffer solution (pH 9.8). The solutions of the ALPII were prepared daily by dissolving an accurately weighed amount of the preparation in the same buffer solution. Solid preparations and solutions of the enzymes were stored in a refrigerator at +4˚C. Substrate. We prepared 3.3 mM solution of p-nitrophenyl phosphate daily by dissolving disodium p-nitrophenyl phosphate hexahydrate (Sigma) in water.
Tris(hydroxymethyl)aminomethane (Tris) (Serva, Germany), glycine, Na2B4O7·10H2O, Na2CO3, and KOH (Reakhim, Russia) were used to prepare buffer solutions. Solutions of HCl for the decomposition of IZS injection and human urine were prepared from a 37% concentrated hydrochloric acid solution.
Apparatus
A Shimadzu spectrophotometer (Model UV-220, Japan) with a quartz cell was used for absorbance measurements (λ = 400 nm; l = 1 cm; reference solution, water). A pH-meter (EconicsExpert-001, Russia) was used for pH measurements of aqueous solutions with an accuracy of ±0.005. A flame atomicabsorption spectrometer (Model Perkin Elmer AAS 603) was employed (wavelength: Zn, 213; Mg, 258.2). Graduated ground-glass stopper tubes were cleaned with concentrated high-purity grade HNO3, thoroughly washed with deionized water, and sterilized in an air-sterilizer "GP-20" (Russia).
Procedure
General procedure. The following components were placed sequentially into a glass test-tube with a ground-glass stopper: a certain buffer solution (with the definite pH value), solutions of the enzyme and metal ion. Finally, an NPP solution was introduced. The total volume of the reaction mixture was 6.00 ml. At the moment when NPP was added and the component solutions were mixed, a stop-watch was started and the absorbance was measured at 15 s intervals for 2 min. According to the obtained data, kinetic curves were plotted as absorbance (A) versus time (t, s), and the slopes of the kinetic curves (tan α) were calculated. Blank experiments were carried out in the absence of a metal ion.
The initial rate of the indicator reaction (υo, μM min -1 ) was calculated as υo = Δc/Δt = ΔA/Δt·l/lε = tan α/lε, where Δc is an increment of the p-nitrophenolate concentration at the reaction time (Δt), A is the light absorption, l is the cell length, ε is the molar absorbance coefficient of p-nitrophenolate (1.7 × 10 4 M -1 cm -1 ) and tan α is the slope of the absorbance (A) graph versus time (t, s).
The rate of the indicator reaction under its optimum conditions in the absence of phosphatases was less than 1% of the rate of the enzymatic reaction; that is why all experiments were performed at room temperature without thermostatting.
The degree of enzyme inhibition (I, %) in the presence of Zn(II) (or Zn(II) and other metal ions) and the degree of activation (A, %) in the presence of Mg(II) (or Mg(II) and other metal ions) were calculated from the following equations:
where υo, υI and υ are the values of the rate of the enzymatic reaction in both the absence and presence of metal ions, Zn(II) and Mg(II), respectively.
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Treatment of the insulin sample. The insulin preparation "Monotard", purchased from "Novo Nordisk" (Denmark), was a mixture of amorphous and crystalline insulins in a ratio of 3:7 and contained methylparaben to protect against microbial contamination and NaCl as an isotonic agent. An insulin sample was treated by 6 M HCl (40 μl of acid per 10 ml of IZS injection) and was diluted with water 10-fold before introducing into the reaction mixture.
Procedure of zinc determination in INS. First, 4.7 ml of a 5 mM borate buffer solution (pH 9.8), 0.1 ml of 0.6 μM ALPIII, 0.1 ml of the insulin sample (decomposed and diluted as described above), and 0.1 ml of the standard solution of Zn(II) with the concentrations 2.5, 5.0, 7.5, 10.0 μg ml -1 (0.05, 0.1, 0.15, 0.20 μg ml -1 in the reaction mixture) were placed sequentially into a glass test-tube with a ground-glass stopper. It was very important to keep the definite sequence of introducing the standard additions of zinc and the analyzed sample. Finally, 1.0 ml of 3.3 mM NPP was introduced. The total volume of the reaction mixture was 6.0 ml. At the moment when NPP was added and the reaction solution was mixed, a stop-watch was started and the absorbance was measured at 15 s intervals for 2 min. A blank experiment was carried out according to the same procedure, omitting insulin and zinc standard solutions (the volume of the introduced buffer solution was 4.8 ml).
Kinetic curves of the absorbance (A) versus time (t, s) were plotted according to the obtained data, and the rate of the indicator reaction was calculated as described above. The zinc concentration in the sample was calculated based on the calibration curve plotted in the coordinates: the rate of the reaction, μM min -1 ; zinc concentration, μg ml -1 . It should be noted that the calibration graph was linear in the zinc concentration range of 0.1 -1 μg ml -1 , unlike the calibration curve in a wide (0.01 -1 μg ml -1 ) range of zinc concentrations, given with a logarithmic expression. Urine samples selection and pretreatment. Urine samples excreted during 24 h were collected in pure glass bottles. The bottles were cleaned with diluted nitric acid and deionized water in sequence. Aliquots (15.00 ml) of the samples were placed in flasks and heated cautiously until vapor appearance. Then, 0.1 ml of 1 M HCl was added to every aliquot (6.00 ml) of heated urine. The decomposed samples were transferred into the standard flasks and diluted up to definite volumes by water with pH 5.5 -6.0. Measuring the rate of the reaction in the presence of an undiluted sample and comparing it with the rate of the reaction in the presence of the standard magnesium solution with different concentrations conditioned the multiplicity of urine dilution. Procedure of magnesium determination in urine. First, 4.7 ml of a 0.5 M Tris-HCl buffer solution (pH 9.8), 0.1 ml of 36 μM ALPII, 0.1 ml of the analyzed sample (diluted urine), and 0.1 ml of the standard solution of magnesium with the concentrations 0.06, 0.3, 0.6 μg ml -1 (1.0, 5.0, 10.0 ng ml -1 in the reaction mixture) were placed sequentially into a glass test-tube with a ground-glass stopper. Finally, 1 ml of 3.3 mM NPP was introduced. The total volume of the reaction mixture was 6.0 ml. The concentration of Tris-HCl buffer solution was enhanced to 0.5 M to stabilize the optimum pH value and to eliminate the interference of urine matrixes with different acidity. The following steps of the procedure were the same as they were in the case of insulin analysis.
Results and Discussion
Choice of alkaline phosphatases
To choose appropriate alkaline phosphatases prospective for the development of sensitive procedures for zinc and magnesium determination, the effect of these metal ions on the catalytic activity of all indicated enzymes was studied. All experiments were carried out under the optimum conditions found earlier: 9 50 mM Tris-HCl buffer solution, pH 9.8; enzyme concentrations, 12 (I), 600 (II), 10 nM (III); NPP, 0.55 mM (I -III). The general technique is described in Procedure.
We found that Zn(II) over a wide range of its concentrations (0.05 -50 μg ml -1 ) inhibited the catalytic activity of three enzymes, but to a different extent (Fig. 1) . The same degree of inhibition, 25% in particular, was observed for alkaline phosphatases I, II, and III at zinc concentrations of 5.0, 0.5, and 0.25 μg ml -1 , respectively. Thus, ALPIII seemed to be the most sensitive enzyme to the inhibiting effect of zinc in the reaction of NPP hydrolysis.
It was stated that Mg(II) in its concentration range of 2 -20 ng ml -1 activated ALPII (A = 600% at cMg(II) = 20 ng ml -1 ) effectively; the degree of ALPI activation was much lower (A = 20% at cMg(II) = 0.2 μg ml -1 ), and the catalytic activity of ALPIII did not change at all in the presence of magnesium. The different influence of the magnesium concentration on the catalytic activity of alkaline phosphatases isolated from calf intestine and the hepatopancreas of shrimp was reported earlier. 24 The mechanism of the magnesium effect on different alkaline phosphatases has still not been clarified. In our opinion, the activation of the two above-mentioned alkaline phosphatases with magnesium might be explained, for instance, by the presence of the so-called "liophylic" part in the enzyme molecule, the connection of which with magnesium ions provides better binding of the substrate; the activation degree depends on the content of such a liophylic part in the enzyme molecule. 25 Thus, only ALPII was found to be suitable for the development of a sensitive procedure for Mg(II) determination.
Choice of buffer solutions
Various buffer solutions with different concentrations were tested in order to check whether they affected the degree of Zn(II) inhibiting and Mg(II) activating effects on the catalytic activity of the chosen alkaline phosphatases or not. The following buffer solutions with pH 9.8 were studied: 5 mM Na2B4O7/KOH, 10 mM NaHCO3/KOH, 50 mM Tris/HCl and 100 mM glycine/KOH. The concentrations of the buffer solutions corresponded to those, that provided the highest catalytic activity of the enzymes. It was revealed that the degree of the Zn(II) inhibiting effect depended on the nature of the buffer solution in the indicator reaction. Among a number of buffer solutions (borate, carbonate, glycine and Tris-HCl), borate buffer seemed to be the most promising one for maximum inhibition of phosphatase from seal intestine with Zn(II). Figure 2 shows that the higher was the logarithm of the stability constant of the zinc complex with the components of the buffer solutions (tetraborate-, carbonate-, Tris-, and glycine-ions), the higher was the concentration of zinc causing the same degree of inhibition, 50% in particular. The concentration of the buffer solution is also an important factor that affects the degree of inhibition of ALPII. Thus, it is evident that the application of borate buffer solution provides the highest sensitivity for Zn(II) determination.
To develop a procedure for magnesium determination, a Tris-HCl buffer solution was chosen the optimum. This buffer system is advantageous owing to the fact that its active component, Tris, contributes to the interaction between the enzyme and NPP in the presence of Mg(II). 28 Magnesium ions act as a bridge and facilitate the attachment of the substrate molecules to alkaline phosphatase. Moreover, the complex of Tris-ion with magnesium ion has a lower value of the stability constant. 27 Thus, we showed that while developing the enzymatic procedures for the determination of metal ions it is necessary to study the influence of the components of buffer solutions on the extent of metal ions action.
Effect of the pH
The effect of the pH on the rate of the indicator reaction in the presence of zinc and magnesium is shown in Fig. 3 . The experiments were carried out in 5 mM borate and 50 mM Tris-HCl buffer solutions in the presence of zinc and magnesium, respectively. The highest Zn(II) inhibiting and Mg(II) activating effects were observed in the range of pH 9.5 -10.0 with the maximum at pH 9.8. This optimum pH was chosen for further investigations.
Effect of the incubation time
We made an attempt to increase the inhibiting effect of Zn(II) and studied the dependence of the ALPIII inhibition degree on the time of its preincubation with this metal ion in a 5 mM borate buffer solution. The degree of ALPIII inhibition by 1 μg ml -1 Zn(II) (this concentration was taken as an example) did not change in the case of their preincubation for at least 30 min. Besides, it was stated that zinc acted as a reversible incompetitive inhibitor of the enzyme activity in the reaction of NPP hydrolysis.
On the contrary, the preincubation of magnesium at its concentration of 2 ng ml -1 with ALPII during 5 min enhanced its activation degree by ∼50%. Upon further incubation of a mixture containing 50 mM Tris-HCl buffer, the enzyme and magnesium solutions did not change the activation degree. Moreover, Mg(II) activated ALPII after their 5 min preincubation at significantly lower (0.6 -20 ng ml -1 ) concentrations compared with those (2 -20 ng ml -1 ) when the activator and enzyme were added to the indicator reaction without any preliminary incubation.
Analytical data
The calibration graphs for zinc and magnesium determination under the above-described optimum conditions were plotted. Table 1 presents the analytical characteristics of the developed enzymatic procedures. There exists a linear relationship between the rate of the indicator reaction and the concentration of magnesium in the range of 0.6 -6.0 ng ml -1 . In the case of zinc determination, the calibration graph is linear if it is plotted with the following coordinates: the rate of the reaction, logarithm of zinc concentration in the range of 0.01 -1 μg ml -1 .
The procedure based on the inhibiting effect of zinc(II) on the catalytic activity of ALPIII in a borate buffer solution is more sensitive than those for zinc determination by atomic-absorption spectrometry (cmin = 0.5 μg ml -1 ) 29 and amperometry with the use of the reactivating effect of zinc on ALPI immobilized on a graphite electrode (cmin = 65 ng ml -1 ). 30 The developed procedure is less sensitive than those for zinc determination by stripping voltammetry (5 -200 ng ml -1 ) and X-ray fluorescence with sorption preconcentration (cmin = 4 ng ml -1 ), 31 and the enzymatic procedure based on the Zn(II) reactivating effect on the apoenzyme of alcohol dehydrogenase from baker's yeast (0.05 -0.5 ng ml -1 ). 32 The sensitivity of the developed technique for magnesium determination based on its activating effect on the catalytic activity of ALPIII is higher than that of the procedures for its 360 ANALYTICAL SCIENCES MARCH 2007, VOL. 23 Fig. 2 Relationship between the concentration of zinc causing the inhibition of alkaline phosphatase from seal intestine in 50% and the logarithms of the stability constants of zinc complexes (lg βZnL) with the components of 5 mM borate, 10 mM carbonate, 50 mM Tris-HCl and 100 mM glycine buffer solutions, pH 9.8. determination by atomic-absorption and atomic emission spectrometry (cmin = 10 ng ml -1 ), 33 and the fluorometric procedure based on the formation of a magnesium complex with 8-hydroquinoline-5-sulfo acid (cmin = 12 ng ml -1 ); 34 it is comparable to the sensitivity of the procedures using inductively coupled plasma mass spectrometry (cmin = 0.1 ng ml -1 ) 23 and only one enzymatic procedure based on the magnesium-activated bioluminescence conversion of luciferin into hydroxyluciferin in the presence of ATP catalyzed by firefly luciferase immobilized on Br-CN-sepharose (cmin = 0.1 ng ml -1 ). 35 
Effect of foreign species
To ascertain the selectivity of the developed procedures, the influence of some foreign metal ions on the reaction rate under the optimum conditions and at constant zinc and magnesium concentrations of 1 μg ml -1 and 0.6 ng ml -1 , respectively, was studied following the basic procedure. The interference of those metal ions, which commonly accompanies Zn(II) and Mg(II) in pharmaceuticals and biological samples and are able to substitute them in binding enzyme sites was tested.
The tolerance was defined as the concentrations of foreign species that produced an error exceeding 5% in the value of the reaction rate. The results are summarized in Table 2 . The interfering effect of foreign ions may be caused by their competition with zinc for binding sites in the molecule of ALPIII and by their partial substitution of magnesium ions in the allosteric site of ALPII. As one can see from Table 2 , the tolerant levels of foreign ions concentrations in the case of the both developed techniques are rather high.
Thus, the proposed procedures for zinc and magnesium determination are not only sensitive, but also selective.
Application
The proposed procedures were applied to the determination of analytes in real samples.
Determination of zinc in IZS injection using alkaline phosphatase from seal slim intestine
According to Hovorka et al., 21 the B chain of the insulin monomer contains two histidine (His) residues, 5 HisB and 10 HisB. Three insulin dimers aggregate in the presence of zinc ions into a torus-shaped hexamer with two zinc-binding sites. Each binding site is comprised of three 10 HisB imidazole ligands with the corresponding 5 HisB residues in a close proximity (Fig.  4) . In other words, zinc forms a complex with insulin. Besides, it is known 36 that insulin inhibits the catalytic activity of alkaline phosphatase in vivo due to the direct interaction involving either disulfide cross linkages or the metal chelating activity of insulin. Thus, it was necessary to decompose an IZS sample before introducing it into the indicator system. For this purpose we used the technique presented in Experimental part. Note, that the same procedure for IZS decomposition is commonly applied for preparing insulin samples for analysis by atomic-absorption spectrometry.
This procedure is recommended by the Pharmaceutical Committee of Russian Ministry of Health for determining zinc in IZS.
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σ υ Table 2 Effects of foreign ions on the determination of 0.01 μg ml -1 zinc(II) and 0.06 ng ml -1 magnesium(II) using the proposed enzymatic procedures HisB is in black. 21 injection was studied. It was found necessary to keep the concentration of hydrochloric acid (introduced with the insulin sample) as low as possible in order to avoid a shift of the pH optimum value and considerable inhibition (I > 25%) of the catalytic activity of ALPIII by chloride ions. Such a shift did not take place when the concentration of HCl in the reaction mixture was less than 15 mM (5 mM borate buffer solution, pH 9.8). This conclusion was made based on the data presented in Fig. 5 .
The volume of the insulin sample was also optimized. The rate of the indicator reaction decreased by 3-fold after introducing 0.1 ml of an insulin solution decomposed as described above. When standard additions of a zinc and insulin sample were introduced into the reaction mixture, considerable inhibition hampered fixing the reaction rate. However, the degree of inhibition did not practically depend on the concentration of added zinc. To reduce the interfering effect of the insulin matrix, the decomposed sample was 10-times diluted by deionized water, and was then introduced into the reaction mixture.
To eliminate any interfering effect of the organic components of the analyzed solution of insulin (and methylparabene, first of all) on the results of zinc determination, analysis was performed by the addition method according to Experimental part.
It was found that the zinc content in the pharmaceutical preparation equaled 24.3 ± 0.7 μg ml -1 (mean ± 95% confidence limit for 5 replicate analyses) and correlated well enough with the data indicated by the producer (≤ 30 μg ml -1 ) and the results obtained by the method of atomic-absorption spectrometry (24 μg ml -1 ).
Determination of magnesium in urine using alkaline phosphatase from chicken intestine Urine samples of 6 female patients aged between 5 and 50 were analyzed using the developed technique for magnesium determination. To determine magnesium in urine samples, the method of standard additions was used. The results of magnesium determination in urine samples are summarized in Table 3 .
To underline the practical importance of the developed technique for magnesium determination, we also studied the pharmaceutical effect of the Mg-containing preparation "Magnerot" (Worwag Pharma, Germany) on patients' health. Magnesium orotate is an active compound of this preparation. The usefulness of "Magnerot" for the treatment of Mgdeficiency caused by different reasons was recognized long ago.
The fourth patient (Table 3) was selected for carrying out the experiment. He took the "Magnerot" preparation within one week according to a doctor's recommendation. His urine was collected and analyzed every day as described above.
The accuracy of the results of magnesium determination in a urine sample of the indicated patient obtained by the proposed enzymatic method was checked using two alternative methods: atomic-absorption spectrometry and spectrophotometry with xylidil blue. 37 The data presented in Table 4 show a rather good correlation with the results obtained by different methods.
Thus, the developed procedures for zinc and magnesium determination might be considered to be alternative techniques to the atomic-absorption method having at the same time the additional advantage of using inexpensive instruments.
Conclusions
The obtained results demonstrate the prospects of adapting two different approaches to improve the sensitivity and the selectivity of the enzymatic procedures for the determination of metal ions, zinc and magnesium: using preparations of the same enzyme isolated from diverse sources, alkaline phosphatases isolated from seal and chicken intestine, and varying the nature of a buffer solution in the reaction system.
High sensitivity and selectivity in combination with simple spectrophotometric control of the rate of the indicator reaction make these procedures appropriate and promising for applications into pharmaceutical and clinical analyses. The examples of determining zinc in insulin suspension and magnesium in urine samples demonstrate the possibilities of these procedures. Table 3 Results of magnesium determination in urine using its activating action on the catalytic activity of alkaline phosphatase from chicken intestine; normal content (100 -300 mg/day) 
